Basic helix-loop-helix (bHLH) proteins perform a wide variety of biological functions. Most bHLH proteins recognize the consensus DNA sequence CAN NTG (the E-box consensus sequence is underlined) but acquire further functional specificity by preferring distinct internal and flanking bases. In addition, induction of myogenesis by MyoD-related bHLH proteins depends on myogenic basic region (BR) and BR-HLH junction residues that are not essential for binding to a muscle-specific site, implying that their BRs may be involved in other critical interactions. We have investigated whether the myogenic residues influence DNA sequence recognition and how MyoD, Twist, and their E2A partner proteins prefer distinct CAN NTG sites. In MyoD, the myogenic BR residues establish specificity for particular CAN NTG sites indirectly, by influencing the conformation through which the BR helix binds DNA. An analysis of DNA binding by BR and junction mutants suggests that an appropriate BR-DNA conformation is necessary but not sufficient for myogenesis, supporting the model that additional interactions with this region are important. The sequence specificities of E2A and Twist proteins require the corresponding BR residues. In addition, mechanisms that position the BR allow E2A to prefer distinct half-sites as a heterodimer with MyoD or Twist, indicating that the E2A BR can be directed toward different targets by dimerization with different partners. Our findings indicate that E2A and its partner bHLH proteins bind to CAN NTG sites by adopting particular preferred BR-DNA conformations, from which they derive differences in sequence recognition that can be important for functional specificity.
A large family of transcriptional regulators is defined by the basic helix-loop-helix (bHLH) motif (40) , in which a DNAbinding basic region (BR) lies immediately amino terminal to the HLH dimerization segment (17, 41, 55) . In metazoans, bHLH proteins are involved in specification of multiple cell types (33, 43, 56) . Some bHLH family members function as homodimers, but others appear to act together with a heterodimeric partner (56) . For example, the closely related bHLH proteins that mediate myogenic differentiation, including MyoD, are thought to function as heterodimers with E proteins, a widely expressed bHLH protein subgroup that is exemplified by the E2A proteins (14, 17, 32, 42) . Most bHLH protein dimers bind to the consensus CAN NTG (the E box; the consensus sequence is underlined throughout the text) with each respective BR binding to a half site (9, 19-21, 35, 45, 48) . Given the many regulatory processes in which bHLH proteins are involved, the apparent simplicity of the CAN NTG consensus raises the important question of how different bHLH proteins act only on appropriate target genes (56) .
In part, the specificity with which bHLH proteins function derives from preferential recognition of different classes of CAN NTG sites by different bHLH protein subgroups. The HLH segment consists of a parallel, left-handed, four-helix bundle ( Fig. 1) (19-21, 35, 45, 48) . The BR is unstructured in solution (2) but when bound to DNA, it extends N terminally from the HLH segment as an ␣ helix that crosses the major groove ( Fig. 1) . Crystallographic analyses have revealed some differences in how these proteins bind DNA. For example, in Myc family and related bHLH proteins, an arginine (Arg) residue at BR position 13 ( Fig. 2 ) specifies recognition of CACGTG sites (7, 16, 25, 54) by contacting bases in the center (20, 21, 48) . However, it still is not understood how bHLH proteins which have a different amino acid at BR position 13 ( Fig. 2 ) bind preferentially to distinct CAN NTG sites (9, 16) or how bHLH proteins establish differences in flanking sequence selectivity (9, 23, 24) that can be of biological importance (1, 30) .
Many bHLH proteins that lack R 13 , including MyoD and other E2A partners (Fig. 2) , can bind to similar DNA sequences in vitro but act on different tissue-specific genes (56) . Cooperative or inhibitory relationships with other transcriptional regulators might contribute to this specificity (34, 39, 46, 58) , but it is not likely to derive entirely from other lineagespecific factors, because MyoD can induce myogenesis in many different cell types (56) . Initiation of myogenesis by MyoD and other myogenic bHLH proteins depends on three residues that are located within the BR and the BR-HLH junction (A 5 , T 6 , and K 15 [ Fig. 1 and 2] ). These residues, which we refer to as myogenic are not essential for binding a muscle-specific site in vitro or in vivo, suggesting that they are involved in other critical interactions (11, 17, 18, 47, 57) . These interactions have been proposed to involve distinct cofactors (11, 17, 57) and the unmasking of an activation domain in MyoD or the myogenic cofactor MEF2 (3, 5, 29, 57) . In the MyoD-DNA structure, K 15 is oriented away from the DNA, but A 5 and T 6 face the major groove and could not contact other proteins directly (35) (Fig.  1) . However, the latter two residues could influence proteinprotein interactions indirectly, by affecting how the BR helix is positioned on the DNA (35) . Although substitutions at these positions might not substantially impair binding to particular CAN NTG sites, it is important to determine whether they might have more subtle influences on sequence specificity that could reflect conformational effects.
We have determined that the myogenic residues A 5 and T 6 establish the characteristic MyoD sequence preference, which includes a CAGCTG core. Individual substitutions at these BR positions simultaneously alter preferences for multiple bases that MyoD does not contact directly (35) , indicating that these preferences are determined indirectly, by how the BR helix is positioned on the DNA. This mechanism is distinct from the standard model for sequence specificity, in which preferred bases are contacted directly (44, 50) . The corresponding BR residues are also required for the sequence preferences of E2A proteins, which can recognize either of two distinct half-sites depending on their dimerization partner. E2A homodimers and E2A-MyoD heterodimers bind to asymmetric sites that include a CACCTG core. In contrast, as a heterodimer with the bHLH protein Twist, E2A binds preferentially to half of the symmetric sequence CATATG. The preference of E2A for the former asymmetric sites depends not only on the BR sequence but also on BR positioning that involves the junction region. An analysis of DNA binding by MyoD and E2A junction and BR mutants indicates that a MyoD-like sequence specificity is associated with, but not sufficient for, myogenesis. This supports the model that the BR-junction region is also involved in other critical interactions. The results suggest that E2A and its partner bHLH proteins bind DNA by adopting a limited number of preferred BR conformations, each of which is associated with a characteristic DNA sequence preference. They also indicate that binding of cofactors to the MyoD BR might be influenced by how it is positioned on the DNA and are consistent with the idea that relatively subtle differences in binding sequence recognition can modulate bHLH protein activity in vivo.
MATERIALS AND METHODS
Mutagenesis, protein expression, and DNA binding assays. The various MyoD and E2A mutants used in this study have been described previously (17, 18, 57) , with the exception of the MyoD mutants shown in Fig. 8A . For construction of those mutants, a SalI site that did not alter the encoded amino acid sequence was created at MyoD BR positions 10 and 11 ( Fig. 2) by PCR. BR mutants were then generated by PCR using Pfu or Vent polymerase and introduced into this MyoD (SalI) construct as PmlI-SalI fragments. Junction region mutations were created similarly by PCR and inserted into MyoD (SalI) as SalI-NarI fragments. Constructs with both BR and junction mutations were produced by introduction of a mutant PmlI-SalI or SalI-NarI fragment into the appropriate BR or junction mutant construct. All of these mutations were confirmed by DNA sequencing.
For the in vitro selection experiment shown in Fig. 3 , full-length MyoD was expressed in bacteria from a pRK171a-based construct (pT7-MyoD) described previously (53) . The MD(E12B), MD(E12B-A), and MD(E12B-AT) mutations (57) were each introduced into this construct within a PmlI-MluI fragment. These proteins were expressed by isopropyl-␤-D-thiogalactopyranoside induction in Escherichia coli BL21(DE3)/pLysS cells as described previously (51) and then purified to Ͼ90% homogeneity by precipitation in 0.6 M (NH 4 ) 2 SO 4 . Precipitated protein was resuspended in a mixture containing 10% glycerol, 20 mM HEPES (pH 7.6), 100 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 g of leupeptin per ml, and 1 g of pepstatin per ml.
Other proteins were expressed by in vitro translation (Promega), with in vitro transcription and translation performed in separate steps. Protein expression was carefully quantitated by 35 S-labeled translation and sodium dodecyl sulfatepolyacrylamide gel electrophoresis. These procedures and those for electrophoretic mobility shift assay (EMSA) have been described previously (31) . Each EMSA was performed at room temperature and analyzed by autoradiography or phosphorimaging. Individual oligonucleotide sites were 21 bp in length and differed from the MyoD consensus oligonucleotide (7) only at the positions indicated. The MCK-R site corresponds to the right E-box site in the muscle creatine kinase enhancer (18) .
In vitro selection experiments. Populations of preferred binding sites were isolated by sequential in vitro selection and PCR amplification essentially as described previously (6, 7, 9) . During each selection round, DNA that was bound by the protein complex of interest was isolated by EMSA and then amplified by PCR for the next round. In each EMSA selection, care was taken to ensure that sufficient quantities of labeled bound DNA were recovered to maintain a representative population of sequences. These experiments were initiated with 0.5 ng of 32 P-end-labeled starting library. In each subsequent selection round, selections were performed with approximately 0.1 ng of amplified 32 P-body-labeled DNA. In selections for binding to partially purified bacterially expressed MyoD mutant proteins (Fig. 3) , these protein preparations were not quantitated, but instead sequential dilutions of these samples were tested for binding. Bound sequences were then recovered and amplified from a sample in which less than 10% of the input DNA was in the bound fraction. This strategy ensured selection of optimal binding sequences. The final selected binding site pool was sequenced directly, using a 32 P-end-labeled primer as described previously (7) . Mouse proteins were used in these selections with the exception of Twist, which was from Xenopus. Binding site competition analyses (not shown) demonstrated that its binding preferences were indistinguishable from those of mouse Twist, which was used in the EMSA analyses shown.
RESULTS
Myogenic BR residues and MyoD DNA binding preferences. Identification of the myogenic BR residues stemmed originally from studies in which the MyoD BR was replaced with that of E12, a product of the alternatively spliced E2A gene (40) . This MyoD mutant [MD(E12B) (Fig. 2) ] binds to a muscle-specific regulatory site as a heterodimer with E2A proteins either in vitro or in vivo, but it cannot induce myogenesis in a cell culture assay or activate transcription through a muscle-specific enhancer (17, 57) . Resubstitution of the myogenic residues A 5 and T 6 ( Fig. 2) in MD(E12B) restores its activity in these functional assays (57) . Similar results are obtained when A 5 and T 6 are mutated within MyoD (18, 29, 57) and when analogous substitutions are made in the context of the myogenic bHLH protein myogenin (11) . These experiments implicate A 5 and T 6 in mechanisms that are of functional importance but not essential for binding to a particular muscle-specific DNA sequence.
We used an in vitro selection strategy (9) to test whether such mutations might have more subtle effects on how MyoD binds specifically to DNA. To identify sequences to which
In this X-ray crystallographic structure (35) , a MyoD homodimer is bound to the sequence AACAGCTGTT, which corresponds to its preferred recognition consensus (9) . Residues are numbered as in full-length MyoD, and their positions as specified in Fig. 2 and the text are indicated in parentheses. Binding site positions Ϯ5 (numbered as in Fig. 3A ) are indicated by grey numerals. Side chains are shown only for the myogenic residues (green) (18) and Arg 111 (R 2 ) (gold).
these mutants bind preferentially, we used sequence libraries in which only positions within and flanking the CAN NTG consensus are randomized (Fig. 3A) , so that the position of bHLH protein binding along the DNA is fixed. This strategy makes it possible to sequence the selected sites as a pool and thereby to analyze a very large population of selected sites simultaneously (8, 9) . It reveals the relative preferences for individual bases at each site position and can detect subtle differences that might not be identified through more conventional approaches.
This assay has previously shown that the preferred MyoD binding consensus is (G/A) ACAGCTG(T/C) ( Fig. 3B and C) and that the E2A proteins E12 and E47 overlap considerably with MyoD in their binding properties but prefer sites that have an asymmetric CACCTG core sequence ( Fig. 3C) (9) . However, in contrast to either of these proteins, the MD(E12B) mutant prefers the sequence (G/A)CCATAT-GG(T/C), which differs from the MyoD preferred site over the eight central base pairs and contains the distinct core sequence CAT ATG ( Fig. 3B and C) . This sequence and related elements are normally targeted by the bHLH protein Twist, an E-protein partner that is involved in mesodermal cell fate specification (15, 27, 37, 52, 60) (Fig. 2 ). Back-substitution of A 5 of MyoD into MD(E12B), which is not sufficient for myogenic activity in cell culture assays (57) , results in preferences that are slightly more similar to those of MyoD at positions Ϯ4 [MD(E12B-A) (Fig. 2, 3B , and 3C)]. However, introduction of both A 5 and T 6 , which restores myogenesis (11, 57) , results in preferences across the entire site that are indistinguishable from those of MyoD [MD(E12B-AT) (Fig. 2 , 3B, and 3C)].
To determine whether these sequence preferences reflect significant differences in binding affinity and specificity, we compared levels of binding of these proteins to individual oligonucleotides that correspond to the MyoD and Twist preferences and differ only at positions within and adjacent to the CAN NTG consensus (Fig. 3D ). Supporting the in vitro selection findings, both MyoD and MyoD(E12B-AT) homodimers bound with higher affinity to the preferred MyoD site than to the Twist site (Fig. 3D , lanes 1, 4, 5, and 8). In contrast, the Twist site was preferred by MD(E12B) and, to a lesser extent, MyoD(E12B-A) (Fig. 3D , lanes 2, 3, 6, and 7). In a binding competition assay, specific DNA binding by MD(E12B-AT) was competed much more effectively by the MyoD site ( . The data show that introduction of A 5 and T 6 into MD(E12B) restores not only myogenic activity (Fig. 2) but also the MyoD DNA binding preference. This substitution affects sequence recognition across 4 bp within each half-site ( Fig. 3A  and B) , indicating a global effect on how the BR helix is positioned on the DNA. The finding that MD(E12B) is distinct FIG. 2. Myogenic activity of MyoD and E12 BR and junction mutants. Each of these mutants has been described previously (18, 57) , and their sequences are compared with sequences from mouse MyoD, E12, and Twist. Amino acids that are identical to those of MyoD are underlined, positions that are conserved in most bHLH proteins are shaded, and entire BR and junction regions that have been swapped are bracketed. The column at the right indicates the relative activities of these proteins when assayed previously by transfection for conversion of cultured cells into muscle (18, 57) ; activity is denoted as ϩϩϩϩ (frequency of myogenic conversion obtained with wild-type MyoD), ϩϩ (30 to 50% of that obtained with MyoD), ϩ (5 to 30% of that obtained with wild-type MyoD), No (myogenic conversion was not detected), or ND (not done).
from either MyoD or E12 in its binding sequence preference also indicates that DNA recognition by an E2A BR can be profoundly influenced by its molecular context.
Influence of BR positioning on MyoD-E2A and Twist-E2A heterodimer sequence preferences. Twist and E2A proteins appear to cooperate in vivo to regulate transcription through CAT ATG sites (27) , suggesting that the DNA sequence recognition properties of E2A might be altered by heterodimerization with Twist. However, an alternative possibility is that functional Twist-E2A recognition sites are distinct from their in vitro binding preference (28) . To address this question, we performed in vitro selection on Twist-E12 complexes. Twist homodimers and Twist-E12 heterodimers both preferred sites that contain the core sequence CAT ATG ( Fig. 5A and B ). They were similar to MD(E12B) and especially to MD (E12B-A) in their preferences at Ϯ4 but selected MyoD-like sequences at Ϯ5 (Fig. 3B and 3C, 5A, and 5B). The symmetry of this preferred sequence suggests that in the Twist-E12 protein-DNA complex, the Twist and E12 BRs each prefer the same half-site sequence. In contrast, and as observed previously (9), MyoD-E12 heterodimers selected a MyoD-like half site at positions ϩ4 and ϩ5, an E2A-like half-site at Ϫ4 and Ϫ5, and CC or GG bases in the center of the site (Fig. 5A and  B) , indicating asymmetric binding. Apparently, an E2A BR normally prefers distinct half-sites in the context of these two bHLH dimerization partners, indicating an intermolecular effect on how it interacts specifically with DNA.
To investigate how heterodimer formation influences the binding preferences of the E12 and MyoD BRs, we performed in vitro selection on combinations of MyoD and E12 BR mutants. When the BR of one partner within a MyoD-E12 heterodimer was substituted with that of the other, the heterodimer binding preferences outside the CAN NTG consensus corresponded to those of the individual BRs. For example, unlike MD(E12B) homodimers ( Fig. 3B and C) , heterodimers of MD(E12B)ϩE12 preferred wild-type heterodimer sequences in the center of the site, and selected E2A-like sequences in both flanking regions, at Ϯ4 and Ϯ5 ( Fig. 5A and B) . A heterodimer of MyoD and an E12 protein containing the MyoD BR [E12(MDB) ( Fig. 2A) ] similarly selected a wild-type heterodimer preference within the CAN NTG motif but preferred a MyoD-like sequence at Ϯ4 and Ϯ5 ( Fig. 5A and B) . In contrast, MD(E12B)-E12(MDB) heterodimers had a binding preference more similar to that of Twist ( Fig. 5A and B) , indicating that placement of each BR in the protein context of the other partner affected binding over the entire site. A striking aspect of our findings is that each of the mutant homo-or heterodimer protein complexes that we have examined selected sequences that correspond to particular patterns preferred by MyoD, E2A, or Twist protein (Fig. 3C and 5B).
These in vitro selection findings were supported by assays of binding to individual sites, including a sequence from a musclespecific regulatory region (MCK-R). This site, which corresponds to the MyoD-E12 heterodimer in vitro binding preference and responds to MyoD in vivo, was used in the original analysis of the myogenic residues (9, 17, 57) . In an EMSA, MyoD-E12 heterodimers bound with higher affinity to either the MCK-R or MyoD site than to the Twist site (Fig. 5C, lanes  3, 12, and 21) . MyoD(E12B)-E12 heterodimers only slightly preferred the MCK-R heterodimer site to the Twist site but appeared to prefer either of these sequences to the MyoD site (Fig. 5C, lanes 5, 14, and 23) . As the preferences of MD(E12B-A) and MD(E12B-AT) homodimers would predict, introduction of both A 5 and T 6 into MD(E12B) altered its sequence preferences as a heterodimer with E12, so that they were more similar to those of MyoD (not shown). MyoD-E12(MDB) heterodimers only modestly preferred the MyoD or MCK-R site in comparison to the Twist site (Fig. 5C, lanes  4, 13, and 22) . In contrast, the Twist site was preferred by (Fig. 3A) were performed as for each in vitro-translated protein complex. In each case, the heterodimer complex could be easily identified in the EMSA on the basis of mobility (9), particularly because E12 homodimers bind DNA poorly (Fig. 9 ). In the Twist homodimer selection, binding to Twist-E12 heterodimers was selected for in the first round, because of the relatively low level of Twist homodimer binding. Subsequent rounds were performed with Twist homodimers. Each sample was analyzed by sequencing and autoradiography as for Fig. 3B. (B) Summary of sequence preferences identified in panel A, depicted as in Fig. 3C . MyoD-E2A heterodimer preferences were also described previously (9) . Twi, Twist. (C) Binding of bHLH heterodimers to individual preferred sites, analyzed by EMSA and phosphorimaging. E2A-derived proteins were present at a concentration of 8 pM, and Twist and MyoD-derived proteins were present at 19 pM. The indicated DNA sites that had been labeled to the same specific activity were present at 550 pM. The MCK-R site differs from the others only at the positions shown. A background species is indicated by a triangle.
MD(E12B)-E12(MDB)
, Twist, and Twist-E12 complexes (Fig.  5C, lanes 6, 8, 9 , 15, 17, 18, 24, 26, and 27).
Binding site competition and protein titration assays also supported the in vitro selection data. The MyoD site competed more effectively than the Twist site for binding by either MyoD homodimers or MyoD-E12 heterodimers (Fig. 6A and B, lanes  1, 4, 7, 10, 13, and 16 ). In contrast, the Twist site competed more effectively for binding by MD(E12B), MD(E12B)-E12, Twist, and Twist-E12 complexes, although these latter complexes appeared to bind with less specificity than did MyoD-E12 complexes (Fig. 6C and D, lanes 2, 3, 5, 6, 8, 9 , 11, 12, 14, 15, 17, and 18). However, the distinct binding specificities of MyoD-E12 and Twist-E12 heterodimers were apparent in a protein titration assay in which the amount of MyoD or Twist protein was varied under conditions of low DNA concentration ( Fig. 7A and B , lanes 1 to 6 and 13 to 18) that more closely represent differences in binding affinity (13) . Also in agreement with results described above (Fig. 5C, lanes 14 and 23) , heterodimers of MD(E12B) plus E12 bind to the MCK-R site with decreased specificity and with slightly lower affinity than MyoD-E12 complexes (Fig. 7A and B, lanes 7 to 12) .
To investigate the role of the BR-HLH junction region in BR positioning, we examined the DNA binding preferences of the MD(E12BJ) and E12(MDBJ) mutants, each of which contains both the BR and junction of the other partner (Fig. 2) . In contrast to MD(E12B)-E12(MDB) heterodimers ( Fig. 5A and  B; Fig. 5C, lanes 6, 15, and 24) , MD(E12BJ)-E12(MDBJ) heterodimers ( Fig. 2A) bound to the MyoD, Twist, and MCK-R sites with relative preferences that are comparable to those of MD-E12 heterodimers (Fig. 5C, lanes 3, 7, 12, 16 (Fig.  3D ) was competed by addition of an unlabeled binding site at ratios indicated above the gel. These experiments were performed and analyzed as for Fig. 4 except that labeled DNA was present at 600 pM, E12 protein present at 8 pM, and all other proteins were present at 19 pM. Twi, Twist. (C and D) Binding of the indicated protein complexes to the labeled Twist site (Fig. 3D) was competed by addition of the indicated unlabeled sites. These experiments were performed described for panel A and B except that labeled DNA was present at 1.1 nM, and they were analyzed by autoradiography. Note that the gel shown in panel C was exposed longer than that shown in panel D, as indicated by comparison of lanes 1 to 6. A background species is indicated by a triangle.
VOL. 20, 2000 MYOGENIC bHLH RESIDUES AND DNA SEQUENCE RECOGNITIONand 25). Apparently, the Twist-like sequence preference resulting from simultaneous mispairing of both the MyoD and E12 BRs (Fig. 5A and B) can be corrected by matching each of these BRs with the corresponding junction region. Similarly, and in contrast to MD(E12B) homodimers, MD(E12BJ) homodimers bind to the MyoD, Twist, and MCK-R sites with preferences that are similar to those of E2A proteins ( Fig. 8B and C, lane 20, and data not shown). These findings indicate that the BR-HLH junction can be critical for establishing the sequence specificity of an E2A BR, presumably because it influences how the BR is positioned on the DNA. Contributions of the BR and junction to binding affinity and specificity. It has been shown previously that introduction of A 5 , T 6 , and either the junction region or K 15 of MyoD confers upon E12 the capacity to induce myogenesis (Fig. 2) (18) . In the MyoD-DNA complex, A 5 and T 6 are not positioned to allow direct protein-protein contact (Fig. 1) (35) , but we have shown that they are critical for the DNA sequence preferences of MyoD, apparently because they affect the conformation of the BR-DNA complex. We have also determined that the junction region can influence how the E2A BR binds DNA. These observations suggest the possibility that the capacity for myogenesis derives entirely from the conformation of the DNA-bound MyoD BR, a model which would predict that the sequence preference of each of these bHLH proteins is established by amino acids at BR positions 5, 6, and 15. We have investigated this model by determining how individual substitutions at these positions, which have been shown to be critical in vivo, influence the DNA binding preferences of MyoD.
To address the importance of the MyoD junction region for DNA binding, we altered MyoD positions 14 and 15 ( Fig. 8A ) and left position 13 intact because it is not required for the MyoD sequence preference in the MD(E12B-AT) mutant ( Fig. 2 and 3C) . Substitution of alanine for S 14 , which does not interact with DNA (35) , increased binding affinity [MD(AK) ( Fig. 8A; Fig. 8B , which correspond to residues from E12 or Twist, respectively ( Fig. 8; Fig. 8B and C, lanes 5 to 9). The relative preferences of these mutants for the MyoD site are comparable to the binding preferences of other proteins that were confirmed by binding competition analysis (Fig.  4 and 6) . Apparently, appropriately specific DNA binding by MyoD homodimers is not impaired by a variety of BR-HLH junction substitutions, including nonconservative mutations of K 15 . This flexibility contrasts with the importance of the junction region for positioning the E12 BR and with the requirement for K 15 for myogenesis.
To investigate the role of BR positions 5 and 6 in a neutral context, we first substituted alanine for two nonconserved BR residues (MD-AAATA [ Fig. 8A] ) that are not predicted to be required for DNA binding (22, 35) . This substitution proportionally increased binding to both sites in the context of MyoD (MD-AAATA [ Fig. 8B and C, lanes 10] ) and enhanced specificity for the MyoD site in the context of MD(AA) (Fig. 8A ; Fig. 8B and C, lanes 12) . Replacement of T 6 with asparagine conferred a preference for the Twist site (MD-AAANA [ Fig.  8A ; Fig. 8B and C, lanes 10 and 13] ), a finding that parallels the preferences of MD(E12B-AT) and MD(E12B-A) (Fig. 3B and  C) . This effect was not diminished by various BR-HLH junction mutations or enhanced by presence of Twist junction residues ( Fig. 8B and C, lanes 13 to 17) , indicating that N 6 is the most important of these residues for the Twist sequence preference. To test whether E2A amino acids that correspond to the three myogenic residues could specify an E2A-like DNA binding preference, we introduced an asparagine at BR position 7 into MD-AAANA and MD-AAANA(AD), the latter of which contains the D 15 residue characteristic of E2A proteins (Fig. 8A) . In contrast to MD(E12BJ), these mutants strongly preferred the Twist site to the MyoD or MCK-R sites ( and C, lanes 18 to 20, and data not shown), indicating that establishment of an E2A homodimer sequence preference requires additional E2A BR or junction residues and that the conformational mechanisms that dictate this asymmetric sequence preference might be complex.
In the examples that we have analyzed, MyoD mutants that lack myogenic activity bind preferentially to the Twist site ( Fig.  2 and 3C) , raising the question of whether changes in DNA binding preferences accompany conversion of E12 to a myogenic protein through introduction of MyoD BR and junction residues. E12 homodimers do not bind DNA as well as the E2A protein E47 (Fig. 9, lanes 1, 2, 8, 9 , 15, and 16), which also cannot induce myogenesis (18) . Introduction of the MyoD BR into E12 is not sufficient for myogenesis [E12(MDB) (Fig. 2) ] but sharply increased binding of E12 to all three sites and was associated with a modest preference for the MyoD site (Fig. 9,  lanes 3, 10, and 17) . The E12(MDBJ) mutant, which can induce myogenesis (Fig. 2) , bound to each of the three sites at a (Fig. 2) . Conserved bHLH residues are shaded, and residues that are altered within full-length MyoD are underlined. (B) Binding of MyoD mutants described in panel A to the MyoD preferred site. These mutants are compared with the indicated wild-type proteins, and binding is assayed as for Fig. 3D except that each protein is present at 40 pM and DNA labeled to the same specific activity is present at 400 pM. E47 is an alternatively spliced E2A protein that binds DNA well as a homodimer (40) . Twi, Twist. (C) Binding of MyoD mutants to the Twist preferred site, assayed as for panel B.
lower level than E12(MDB) and did not have a markedly increased preference for either the MyoD or MCK-R sites (Fig. 9, lanes 4, 11, and 18 ). Heterodimerization with E47 increased the relative levels with which E12(MDBJ) bound to the MyoD and MCK-R sites (Fig. 9, lanes 6, 7, 13, 14 , 20, and 21) but also did not identify DNA binding effects that appear to be sufficient to account for the different functional properties of E12(MDB) and E12(MDBJ). These findings further support the idea that the MyoD junction region is not critical for DNA binding (Fig. 8B and C, lanes 4 to 9) and instead is important for myogenesis because it is involved in other interactions (18) .
DISCUSSION
bHLH protein DNA binding specificity deriving from effects on BR-DNA conformation. The myogenic MyoD BR residues A 5 and T 6 are essential for myogenesis but not for binding of MyoD-E2A heterodimers to a muscle-specific site in vitro or in vivo (18, 57) . However, we have determined that these residues are required for MyoD to bind DNA with its characteristic specificity for particular CAN NTG sites. Substitution of asparagine for T 6 , and especially for both A 5 and T 6 , results in MyoD binding preferentially to a Twist site (Fig. 8B and C,  lanes 10, 13, and 18) . The Twist-like MD(E12B) sequence preference is affected partially by substitution of A 5 for the corresponding asparagine [MD(E12B-A) (Fig. 3C) ] but is reconfigured by introduction of both A 5 and T 6 so that it is indistinguishable from that of wild-type MyoD [MD(E12B-AT), Fig. 3C) ]. The data indicate that MyoD residues A 5 and T 6 are each critical for its DNA binding sequence preferences and that the N 6 residue, which is common to the Twist and MD(E12B-A) BRs (Fig. 2) , is important for the Twist-like preference. Mutations of these individual BR residues alter sequence preferences across each half-site (Fig. 3C) , raising the question of how they might have such a global effect on how the BR helices and the DNA interact preferentially with each other.
A structure of MyoD obtained by X-ray crystallography suggests how A 5 and T 6 might influence binding sequence specificity. When bound to its preferred recognition site, MyoD does not directly contact base pairs that it specifies in the center of and flanking the CAN NTG consensus (35) . However, A 5 and T 6 allow the MyoD BR helix to pack more tightly into the major groove than do the corresponding N 5 and N 6 residues of E2A proteins, in part because of their smaller sizes ( Fig. 1 and 2) (35) . As a result, the MyoD BR residues T 6 and R 2 directly contact CAN NTG bases at Ϯ2 and Ϯ3 respectively, and R 1 binds a backbone phosphate at Ϯ6 (Fig. 1) (35) . In contrast, in E47 R 2 swings out of the major groove and contacts the backbone, and the residue at position 1 does not interact directly with the DNA (12, 19) . Supporting the idea that A 5 and T 6 influence the conformation of the DNA-bound BR, substitution of asparagine for A 5 in MyoD increases its sensitivity to protease digestion (29) . Our findings suggest that protein-DNA interactions that depend specifically on the MyoD A 5 and T 6 residues may directly influence how the BR helix interacts preferentially with the DNA and thereby indirectly specify its characteristic sequence preferences at positions within and flanking the CAN NTG consensus.
Such indirect conformational effects also appear to be critical for the E2A and Twist sequence preferences. When E47 homodimers bind DNA, a single subunit contacts a base in the center of the site through R 10 ( Fig. 2) . This interaction could be important for the asymmetric E2A homodimer sequence preference (19) . However, the Twist-like sequence preference that is characteristic of Twist-E2A heterodimers and MD(E12B) homodimers is different across each 5-bp half-site and symmetric ( Fig. 3C and 5B), suggesting that it is likely to be established indirectly, through an intermolecular effect that involves a distinct positioning of the BR helix. Introduction of the E12 BR-HLH junction region into MD(E12B) corrects its binding preference so it is like that of E2A homodimers [MD(E12BJ) (Fig. 5C, lanes 7, 16, and 25 ; Fig. 8B and C, lanes 20)], implicating the BR-HLH junction in this effect. Presumably, the E2A junction acts in concert with the asparagines at BR positions 5 and 6 (Fig. 2) , although the Twist-like preference of the MD-AANNA(AD) mutant (Fig. 8B and C, lane 19 , and data not shown) suggests that the E2A junction residue D 15 is not sufficient. The finding that E2A proteins can be targeted to different DNA sequences by different dimer partners may have important implications for their in vivo functions.
In contrast, the BR-HLH junction region does not have a strong influence on the MyoD DNA binding preference. Various MyoD junction mutations do not substantially diminish its preference for a MyoD site (Fig. 8B and C, lanes 5 to 9) . In addition, the similar sequence preferences of E12(MDB) and E12(MDBJ) homodimers (Fig. 9, lanes 3, 4, 10, 11 , 17, and 18) contrast sharply with the different specificities of MD(E12B) and MD(E12BJ) (Fig. 3D, lanes 2 and 6; Fig. 8B and C, lanes 20). This apparent difference between MyoD and E2A proteins might derive from the distinct arrangement of the BR helix on the DNA that results from presence of MyoD residues A 5 and T 6 .
It is striking that as a group, these various bHLH mutants and dimer combinations bind DNA with a limited number of discrete sequence preferences (Figs. 3C and 5B). Presumably, each of these preferences reflects a preferred conformational state that is dictated by how each BR helix and the corresponding DNA sequence conform to each other in an induced fit (49) . This mechanism for recognizing particular CAN NTG sites appears to be different from the direct recognition of central bases that is characteristic of bHLH proteins that contain R 13 and bind to CACGTG or CATGTG sites (20, 21, 48) . Consistent with this idea, BR residues 5 and 6 do not appear to be important for the function of the R 13 -containing bHLH protein c-Myc (10) . In E2A and its tissue-specific dimerization partners, a more flexible conformation-based mechanism might have evolved to increase adaptability in both sequence recognition and function, so that different combinations of these proteins can result in distinct protein-DNA conformations that correspond to particular DNA sequence preferences. Such a model may be particularly plausible for bHLH proteins, because folding of the BR into an ␣ helix is driven by its interaction with the DNA (2).
BR-DNA conformation, DNA binding specificity, and myogenesis. The observation that the MyoD junction and K 15 are not required for an appropriate DNA binding specificity (Fig.  8B and C, lanes 6 to 9; Fig. 9 ) supports the model that K 15 is involved in other essential interactions (18) . However, our experiments also pose the question of how the functional importance of A 5 and T 6 might be related to their effects on DNA recognition. Of the MyoD BR mutants that we have analyzed, those that do not induce myogenesis bind to DNA as homodimers with a Twist-like preference [MD(E12B) and MD(E12B-A) ( Fig. 2 and 3C) ]. Heterodimers of MD(E12B) with E12 prefer a heterodimer site (Fig. 5B ), but with markedly diminished specificity compared to MyoD-E12 dimers (Fig.  5C, lanes 3, 5, 12 , 14, 21, and 23; Fig. 6 ; Fig. 7A and B, lanes 1 to 12). This finding suggests that at least in part, A 5 and T 6 may be significant for myogenesis because they restrict the DNA binding specificity of MyoD and other myogenic bHLH proteins, so that they are less likely to bind inappropriate sites. However, other observations support a role for the A 5 and T 6 residues in protein-protein interactions. They have been implicated in binding to other proteins when they are not bound to DNA (26, 38) , and evidence indicates that they are required for activation domain exposure (5, 29, 57) and cooperative DNA binding (3). Finally, unlike MyoD, MD(E12B) can activate transcription of a reporter only in particular cell lines, implicating the BR in protein-protein interactions (57) .
In light of evidence that A 5 and T 6 establish the conformation of the DNA-bound BR, it is an attractive model that this effect might influence the function of myogenic bHLH proteins directly, by affecting their interactions with other proteins. Given that relatively subtle alterations of the MyoD BR and junction region can enhance MyoD DNA binding significantly [MD(AK) and MD(AAATA) (Fig. 8B and C, lanes 4, 5, and  10) ], it appears likely that cooperative protein-protein interactions with the BR and junction could influence binding affinity. It has been demonstrated recently that MyoD binds cooperatively with other DNA binding proteins to a particular musclespecific promoter (4) . The E box sequences through which MyoD activates transcription in the context of this promoter can differ from those that it binds preferentially in vitro (28) , suggesting that DNA sequence recognition may be influenced by interactions with cooperating proteins in vivo. In addition, interactions with cooperating proteins might be influenced in turn by the specificity of DNA sequence recognition, as suggested by evidence that for MyoD and E proteins, the choice between homo-or heterodimer formation may be dictated by the DNA binding affinities of the individual BRs (36, 59) . Our findings are consistent with the idea that deceptively subtle aspects of sequence recognition could be important for the biological activity of MyoD, if they influence functionally critical interactions that might also involve K 15 or other MyoD regions.
